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Abstract: Cyclins play important roles in cell division and cell expansion. They also interact 
with cyclin-dependent kinases to control cell cycle progression in plants. Our genome-wide 
analysis identified 52 expressed cyclin genes in tomato. Phylogenetic analysis of the 
deduced amino sequences of tomato and Arabidopsis cyclin genes divided them into 
10 types, A-, B-, C-, D-, H-, L-, T-, U-, SDS- and J18. Pfam analysis indicated that most 
tomato cyclins contain a cyclin-N domain. C-, H- and J18 types only contain a cyclin-C 
domain, and U-type cyclins contain another potential cyclin domain. All of the cyclin genes 
are distributed throughout the tomato genome except for chromosome 8, and 30 of them 
were found to be segmentally duplicated; they are found on the duplicate segments of 
chromosome 1, 2, 3, 4, 5, 6, 10, 1 1 and 12, suggesting that tomato cyclin genes experienced 
a mass of segmental duplication. Quantitative real-time polymerase chain reaction analysis 
indicates that the expression patterns of tomato cyclin genes were significantly different in 
vegetative and reproductive stages. Transcription of most cyclin genes can be enhanced or 
repressed by exogenous application of gibberellin, which implies that gibberellin maybe a 
direct regulator of cyclin genes. The study presented here may be useful as a guide for 
further functional research on tomato cyclins. 

Keywords: cyclin; tomato; phylogenetic analysis; gene duplication; gene expression; 
gibberellin 
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Abbreviations: RT-PCR, reverse transcription polymerase chain reaction; GA, gibberellic acid. 
1. Introduction 

Cell cycle regulation is of pivotal importance for plant growth and development. Cell cycle 
progression is primarily driven by a family of cyclin-dependent kinases (CDKs) in plants. Catalytic 
activities of CDKs are directly regulated by binding and activation of cyclins, and can be further 
controlled by several additional mechanisms, including protein phosphorylation/dephosphorylation, 
proteolysis, and CDK inhibitor protein binding [1—4]. Some studies have also indicated that cyclins 
contribute to the level of subcellular localization [5]. 

The first plant cyclin was discovered in soybean in 1991 [6]. Since then, many plant cyclins have 
been isolated from various plant species. There are 49 cyclins mArabidopsis, which can be divided into 
10 types on the basis of function and sequence analysis, including A- to D-type, H-, L-, T-, U-, SDS-, 
and J18-type [3]. F-type cyclins were reported in rice and suggested to be monocotyledon plant 
specific [4]. In addition, Q- and Z-types were reported in poplar and defined as new putative cyclin 
types [7]. According to their expression phase in the cell cycle, cyclins can be divided into two types, 
M- and Gl-cyclins. M-cyclins, including the A- and B-cyclins, help to drive cells into M-phase. 
Gl -cyclins, such as cyclins C, D and E, among others, become active towards the end of the Gl -phase 
and are responsible for ushering the cell into S-phase [8]. 

It has been shown that a typical cyclin contains a conserved region called the cyclin core, which 
consists of two domains: cyclin N and cyclin C [9]. The cyclin N domain is also known as the cyclin box 
and is highly conserved, whereas, the cyclin C domain is less conserved. Some cyclins only contain a 
cyclin N domain but no cyclin C domain [10], which indicates that the cyclin C domain may not be 
critical for its function. 

Cyclin genes showed different expression patterns during the cell cycle, reflecting their various 
putative functions. Plant A- and B-type cyclins, known as mitotic cyclins, show a preferential 
expression pattern during mitosis; A-type cyclins are mainly expressed at the Gl/S boundary stage, and 
combined with Cdk2, they can form a cyclin A/Cdk2 complex, which is required for S-phase transition 
and DNA replication control. 

Three A-type cyclins from tomato were characterized through auxin treatment experiments and 
provide new insights into cell cycle progression. B-type cyclin genes are expressed only within a narrow 
time window, from late G2 to mid M phase, and they contribute greatly to the G2/M transition [11-13]. 
In tomato, suppressed expression of SlCycB2 through RNAi significantly decreased the number of type I 
trichomes, indicating its involvement in the regulation of the trichome types [14]. Plants possess a 
higher complexity of A- and B-type cyclins, and much research has shown that they have extensive and 
complex functions. D-type cyclins were proposed to be environmental sensors and can trigger the Gl/S 
transition through activation of the RBR/E2F-DP pathway [15-17]. Three D cyclin genes were isolated 
from young tomato fruit, the D3 cyclin is probably involved in transducing signals leading to fruit 
growth by cell divisions [18]. Several studies have verified that A-, B-, and D-type cyclins are critical for 
the mitotic cell cycle and mitotic growth. Few studies have focused on the functions of C-, H-, L-, T-, 
U-, and SDS-type cyclins; one report on dsCYC2, encoding a C-type cyclin in Phaeodactylum 
tricornutum [19], which displayed a light-dependent transcriptional pattern at the Gl checkpoint was found. 
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Phytohormones are key regulators in plant growth and development. Gibberellins (GAs) are one 
kind of phytohormones that play a central role in the regulation of growth and development with respect 
to environmental variability. The roles of GAs in controlling cell division and cell proliferation have 
been previously extensively documented [20-22]. 

Tomato is an important fruit plant that serves as a model system for carrying out functional genomics 
and investigating epigenetic regulation. However, although some tomato cyclins have been reported, 
genome -wide identification and phylogenetic analysis of the tomato cyclin family have not been 
reported. Recently, the whole genome sequence of tomato has been published, which provided an 
excellent opportunity for extensive study of tomato cyclins [23]. 

Here, we identify 52 cyclin genes in the tomato genome and report on a comprehensive protein 
sequence analysis, phylogenetic construction, chromosome distribution, and gene structure and 
duplication analysis. Tissue-specific and GA responsive expression patterns were also examined 
through quantitative real-time polymerase chain reaction analysis method. These results present a solid 
foundation for future cloning and functional analysis of tomato cyclin genes. 

2. Results 

2.1. Identification of Tomato Cyclin Gene Family 

To identify cyclin genes in the tomato genome, keyword searches and sequence alignment were 
performed against SGN, NCBI, DFCI and other public databases. After removing the redundant 
sequences, a total of 52 predicted tomato cyclins and/or homologues were identified in Table SI. Some 
A-, B- and D-type cyclins have been published previously (Table S2), unnamed tomato cyclin genes 
were named here according to their similarities with Arabidopsis cyclins (Table S3). The length of 
tomato cyclin proteins identified in this study ranges from 142 to 739 amino acids (aa) with an average 
of 343 aa. The SlCycB2;3 (142 aa) is the smallest tomato cyclin protein, wherein the cyclin domain 
appears to be truncated at the C-terminal end. SlCycB3;l is the largest tomato cyclin protein (739 aa) 
and contains two cyclin domains. These genes were distributed on 1 1 tomato chromosomes, but mainly 
concentrated on chromosome 4 (9 members), rarely on chromosomes 5 and 9 (2 members) and absent 
from chromosome 8. All predicted genes and related information are listed in Table 1 including gene 
names, sequenced IDs, chromosome locations and protein length. 

Table 1. List of cyclin genes identified in tomato. Predicted genes and related information 
include sequenced ID, chromosome locations and protein length. 



Gene name 


Annotated CDS 


Chr. No. 


Protein length (aa) 


SICycAl;! 


Solycllg005090.1.1 


11 


490 


SlCycA2;l 


Solyc03gl20440.1.1 


3 


458 


SlCycA2;2 


Solyc06g065680.2.1 


6 


475 


SlCycA3;l 


Solycl2g088530.1.1 


12 


354 


SlCycA3;2 


Sofyc04g0783 10.2.1 


4 


371 


SlCycA3;3 


Solycl2g088520.1.1 


12 


355 


SlCycA3;4 


Solycl2g088470.1.1 


12 


360 


SlCycA3;5 


Solycl2g088500.1.1 


12 


354 
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Gene name 


Annotated LD^ 


Cnr. J>o. 


Protein length (aa) 


SlLycA3;6 


O 1 1 A A /I AO /"A 1 1 

Solycl0g049360.1.1 


1 A 

10 


378 


SlLycBl;! 


c „ 1 ~ 1 a ^rno oa 1 1 

bolycl0g078330.1.1 


1 A 

10 


A O O 

423 


SlLycBl;2 


O 1 1 A AOAACA 1 1 

Solycl0g080950.1.1 


1 A 

10 


/I /"O 

462 


O //^ 71 7 O 

SlLycBl ,3 


o „ 1 . , „ a /: , _ a t o /: 1 A o 1 

bolyc06g0736 10.2.1 


6 


440 


c- 1 71 7 ^ 

SlLycBl ;4 


O 1 A 1 AAAA y|A 1 1 

Solyc01g009040.2.1 


1 


435 


C 1/^ 71 O 7 

SlLycB2;l 


boiyc02g06 1650.1.1 


o 

2 


351 


SlLycB2;2 


O 1 AO A f 1 /""AA 1 1 

Solyc02g06 1690. 1.1 


2 


1 /"O 

162 


SLLycB2;3 


C „ 1 „ A A ,_A 01 /T/TA 1 1 

bolyc04g08 1 660. 1 . 1 


4 


1 /I O 

142 


SlLycB2;4 


O 1 A/1 AOO/10AO1 

Solyc04g082430.2. 1 


4 


O AO 

393 


o/Gyaoz/.) 


C „ 1 „10 „AA /I /" A A 1 1 

bolyc 12g094600. 1 . 1 


1 O 

12 


/IOC 

425 


SlLycB2;6 


O 1 AO AOOOOA O 1 

Solyc02g082820.2. 1 


2 


/I O /I 

434 


SlLycB2; 7 


O 1 AO A0O1AAO1 

Solyc03g032 190.2.1 


3 


/I O 1 

431 


07/"< 71 "7 7 

SlLycB3;l 


C 1 AT A /"/"/'"/'" A O 1 

Solyc07g066660.2. 1 


7 


TO A 

739 


CI 7 7 

SlLycLl;! 


r-i 1 A /l .^A O T 1 / A O 1 

bolyc06g083260.2. 1 


6 


OCA 

250 


SILycDl;! 


Solyc05g006050.2. 1 


5 


O O T 

337 


C I 7"\ O 7 

SlLycD2;l 


C „1 „10 ,_A 0 7AAA 1 1 

bolyc 12g087900. 1 . 1 


1 O 

12 


316 


SlLycD3;l 


C 1 A1 lATTOA O 1 

Solyc01gl07730.2.1 


1 


364 


C 1 /~< T\0 O 

57CyaD3/2 


O 1 AOO/"^A1 1 

Solycl2g088650.1.1 


1 O 

12 


O O C 

325 


SlLycD3;3 


O 1 r\ a A "7 O A ^1 f\ O 1 

Solyc04g078470.2. 1 


4 


O O /*" 

336 




O ^L.^Al ..AAIAOA O 1 

bolyc02g092980.2. 1 


o 

2 


O CA 

359 


O 7 /^~r 7"\ 1 c 

SlLycD3;5 


O 1 AO A/'/IO/'A 1 1 

Solyc02g064860. 1 . 1 


2 


O O C 

235 




r-i 1 „A1 _A / yl AAA 1 1 

boiyc02g064900. 1 . 1 


o 

2 


O A £L 

346 


SlLycD3; 7 


C 1 AO A / /I A 1 A 1 1 

Solyc02g0649 1 0. 1 . 1 


2 


O O C 

235 


SlLycD4;l 


r-i 1 „ 1 1 „ A 1A/1/TA 1 1 

bolycl IgO 10460. 1.1 


1 1 

1 1 


O 1 o 

312 


SlLycD4;2 


O 1 AC AC1/11A0 1 

Solyc05g05l4l0.2.l 


5 


O /I /I 

344 




O „1,,„A/1 ,^A^7 / A /I A O 1 

bolyc04g076040.2. 1 


4 


o c c 

355 


SlLycDo;! 


C 1 A^7 AC/IAf A 1 1 

Solyc07g054950. 1 . 1 


7 


O 1 A 

310 


SlLycD6;2 


r-i 1 „ A O ,.AA/ / o 1 

bolyc03g006670.2. 1 


o 

3 


O 1 1 

311 


SlLycD6;3 


O 1 AO ATAOTA O 1 

Solyc02g079370.2. 1 


2 


OAT 

297 


SlLycD/;! 


C 1 A A AT700A 1 1 

Solyc04g077880. 1 . 1 


4 


O AO 

298 


0//~» 7 7 7 7 

SlLycHl;! 


C 1 A1 AAAO 1 A O 1 

Solyc01g0993 10.2.1 


1 


o o o 

328 


SlLycHl;2 


r-i 1 „ A /I ^ A TIOOA O 1 

bolyc04g072880.2. 1 


4 


O O T 

327 


SILycLl;! 


O 1 A1 AAOO£TA O 1 

Solyc01g098350.2.1 


l 


426 


C*//^ 7" r 7 7 

SlLycUi;! 


O „ 1 .„AT„AC1 /T 1 A O 1 

bolyc07g0526 10.2.1 


7 


O A 1 

241 


o/y^ r ro 7 

SlLycU2;l 


O 1 A1 AAAOAA O 1 

Solyc01g090800.2.1 


1 


O O A 

220 


blLycU3;l 


O ,I..,AA,.AZ f 1AA O 1 

bolyc09g065200.2. 1 


A 

9 


O O T 

237 




C 1 a 1 AAOAOAO 1 

Solyc0lg098930.2.l 


1 


226 


SlCycU4;l 


O 1 A1 AOAOr"A O 1 

Solyc01g089850.2.1 


1 


206 


SlCycU4;2 


Solyc03g093790.2.1 


3 


196 


SlCycTl;! 


Solycl0g078180.1.1 


10 


621 


SlCycTl;2 


Solyc07g032480.2.1 


7 


368 


SlCycTl;3 


Solyc09g075760.2.1 


9 


413 


SDS 


Solyc04g008070.1.1 


4 


641 


J 18 


Solyc04g078500.1.1 


4 


231 
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2.2. Phylogenetic Analysis of Cyclin Family 

To gain an understanding of the relationship between tomato and Arabidopsis cyclins, phylogenetic 
analysis was performed and an N-J phylogenetic tree including 52 tomato and 49 Arabidopsis cyclins 
was constructed (Figure 1). Consistent with the result of Arabidopsis, tomato cyclins can be grouped 
into 10 types, including A-, B-, C-, D-, H-, L-, T-, U-, J18- and SDS- (Solo Dancers) type, and the 
number of each type was 9, 12, 1, 16, 2, 1, 3, 6, 1 and 1, respectively. For A-, C-, U- and T-type, 
the numbers of tomato cyclins was 1,1,1 and 2, respectively, less than that of Arabidopsis; whereas the 
numbers of B-, H- and D-type was 1,1, and 6 more, respectively, when compared with Arabidopsis. 
In addition, both tomato and Arabidopsis possess only one member of L-, SDS- and J18-type cyclins. 
A- and B-type tomato cyclins were more closely related to each other than to other types. T-, L- and 
H-type formed an independent clade. There were 16 members in D-type cyclins, which formed the 
largest cluster in tomato cyclin family. U-type cyclins formed a separate clade and all of them just 
contain one cyclin domain which was predicted to play a role in phosphate signaling. 

Figure 1. NJ tree of Tomato and Arabidopsis cyclins. The cyclins with "Soly" designations 
are from tomato. The remaining cyclins are from Arabidopsis. 




2.3. Structure and Protein Sequence Analysis of Tomato Cyclins 

Multiple sequence alignment of tomato cyclins revealed that most tomato cyclins contain a conserved 
cyclin core, which has a highly conserved domain cyclin N and/or a less conserved domain cyclin C 
(Figure 2). Pfam analysis indicated that almost all tomato cyclins have the cyclin N domain except 
U-type cyclins; C-, H- and J18-type only have cyclin C domain. Tomato U-type cyclins contain another 
potential cyclin domain, which is believed to play a role in phosphate signaling. In addition to the cyclin 
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core, A- and B-type cyclins also contain a destruction box (D-box), which is involved in cyclin 
proteolysis by the ubiqutin-dependent proteasome pathway. D-type cyclins may have another motif 
called the PEST region, which is rich in Pro(P), Glu(E), Ser(S), and Thr(T) residues, and is a marker for 
unstable proteins. 

Figure 2. Alignment of cyclin domains. Gene identity numbers are provided on the left. 
Color shading indicates types of amino acid residues conserved. The defined regions 
cyclin-N and cyclin-C are underlined. 
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The presence of an existing cDNA with a known corresponding position on the genome was required 
for the determination of the number of exons and introns. Intron phase is preferentially associated with 
its own set of residues: phase 0 introns with lysine, glutamine, and glutamic acid before the intron, and 
valine after; phase 1 introns with glycine, alanine, valine, aspartic acid and glutamic acid; phase 2 
introns with arginine, serine, lysine, and tryptophan. The intron positions are related to nucleotides, 
amino acid residues, and protein secondary structure. The intron numbers varied among different tomato 
cyclin members, and most of them ranged from 1 to 12. The data showed that one of tomato cyclins, 
SlcyclinJ18, has no intron. It is different from the Arabidops is cyclinJ18 gene, which contains 8 introns. 
Our data also shows that one tomato cyclin, SlCycB3;l, contain 24 introns, while its homolog CycB3;l 
from Arabidopsis only contains 22 introns (Figure 3); this means the tomato SlCycB3;l might possess 
more introns by DNA fragment insertion. 

Conserved motifs in cyclin genes were identified using the MEME motif search tool. Distinct motifs 
and their information were listed in Table 2. The locations of motifs matched well with the conserved 
regions revealed by multiple sequence alignment analysis. Twenty conserved motifs were identified in 
the tomato cyclin gene family (Figure 4). Motif 1, 2, 3 or 4 were found in most of the tomato cyclin 
family members, indicating that these conserved motifs may play critical roles in subfamily-specific 
functions. The same types of cyclins contain similar motifs. Other unknown motifs were also revealed 
by MEME motif search. Motifs 2 and 6 were mainly found in the N- terminal regions, while motifs 1,3, 
7 and 9 were found mainly in the C-terminal regions. Only U-type cyclin had motifs 1 1 and 17 cyclin 
domains and motif 14 may be the PEST region of D-type cyclin. Although the functions of some motifs 
are not yet clear, the presence of these conserved motifs certainly reflects functional similarities among 
tomato cyclins sharing these common motifs. 



Table 2. Details of the putative motifs. 



Motif 


Motif length (AA) 


Best possible match 


1 


21 


LQLLGVTCLLLAAKYEEIxVP 


2 


41 


QKDVNESMRGILVDWLVEVHDKYKLxPETLYLAVNYIDRFL 


3 


33 


VLRMEKLVLNTLKWRMTVPTPYTFLRRFLKAAQ 


4 


15 


PSxIAAAAIYLARFT 


5 


29 


HPWSLTLEHHTGYSESQLKECVLLIVDLH 


6 


29 


DDAKNPLACVEYVEDIYAYYKKMEIEKRR 


7 


21 


LEFLSFYLAELCLLEYECLKF 


8 


23 


KLTAVRRKYS SHKFKC VALLGPP 


9 


15 


VEDFCYITDNAYTKK 


10 


29 


PPVRVTRPATRKFAAQMASQLQQPNKKRV 


11 


47 


AYYAKVGGITTREMNKLEVDFLFGLGFQLHVNVTTFESYCSYLEKEM 


12 


50 


CKEDPLDEGDLGGGYHSDERNWNVKKISPLLECDMFWEDGEVETLLSKEK 


13 


50 


NSPSRKDGIDVEEEQHLRKFYCFFLQDLGIRLKFPQKTIATALILCHRFY 


14 


29 


GVIDAYFSSESSNDSWVVASSVSSLPEPQ 


15 


15 


DLQVEDAKFVFEAKT 


16 


20 


GGERGRNRRALGDINQNLVG 


17 


21 


FHGLRAPNISIQSYLERIFKY 


18 


49 


MADFVTSTHRTKWIFTPQDIKHKYKVANHRAKQALEKYGTTRMEVDIDG 


19 


21 


LLRRAEQLIL STITDIRFLE Y 


20 


29 


VLSEIQDLCNVGINQIEDKVFVSEPLRPK 
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Figure 3. Gene structure of tomato cyclins generated from GSDS. 
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Figure 4. MEME software characterized conserved motifs of tomato cyclins. Different 
colors represent different motifs and each motif is represented by a box numbered at the bottom. 
The names of genes and combined P value are exhibited on the left side of the figure. Grey 
lines represent the non-conserved sequences; the length of protein can be estimated using the scale 
at the bottom. Motifs 2 and 6 are the cyclin-N domain; Motifs 1,3,7 and 9 are the cyclin-C 
domain; Motifs 1 1 and 17 are the U-type cyclin domain; Motifs 14 is the D-type PEST region. 
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2.4. Chromosomal Localization and Gene Duplication 

To determine the genomic distribution of cyclin genes, their chromosomal positions were identified 
according to the SGN database. All of the cyclin genes are distributed on 1 1 chromosomes throughout 
the tomato genome. However, the number of cyclin genes on each chromosome varies widely. 
A maximum number of nine genes is present on chromosome 4, followed by eight genes on 
chromosome 2. On the other hand, no cyclin gene was present on chromosome 8. Two chromosomes, 
4 and 12, have a group of cyclin genes in the vicinity of each other (Figure 5). Each type of cyclin gene 
except C-, L-, SDS and J18 was found distributed on at least two chromosomes. B-type cyclin genes are 
dispersed on up to eight chromosomes. Five of sixteen D-type cyclin genes are concentrated on 
chromosome 2, and four of nine A-type cyclin genes were distributed on chromosome 12. 
Chromosome 4 contained several types cyclin genes, such as A-, B-, D-, H-, SDS and J18 type, but 
chromosome 5 contained only one D-type cyclin. 
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Figure 5. Genome -wide distribution of cyclins on tomato chromosomes. Gene identity 
numbers are provided. Chromosome numbers are indicated at the top of each bar. 
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Gene families are generated through either tandem duplication or large-scale segmental duplication 
during evolution [24]. Among tomato cyclin genes, 30 were found to be segmentally duplicated, which 
are located on duplicated segments on chromosomes 1, 2, 3, 4, 5, 6, 10, 11 and 12 (Figure 6). 
A maximum of nine cyclins are located in duplicated segments in chromosome 2, seven cyclins on 
chromosome 4, three cyclins on chromosomes 1 and 3, and two cyclins on chromosomes 10, 1 1 and 12. 
Duplicated segments on chromosomes 5 and 6 contain one cyclin. SlcycBl;l and SlcycBl;2 were 
located on chromosome 10 and they were adjacent to each other. SlcycA3;l and SlcycA3;2, SlcycBl;3 
and SlcycBl;4, SlcycB2;4 and SlcycB2;5, SlcycB2;6 and SlcycB2;7, SlcycD4;l and SlcycD4;2, 
SlcycD6;2 and SlcycD6;3 were located on different chromosomes, respectively, and showed high 
sequence identities at protein level. We presumed that one of the genes derived from the other gene, and 
they underwent intra- or inter-chromosomal segmental duplication. 
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Figure 6. Depiction of segmentally duplicated cyclins on 12 tomato chromosomes. 
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2.5. Organ-Specific Expressions of Tomato Cyclin Genes 

Since gene expression patterns can provide important clues for gene function, we performed 
quantitative RT-PCR to characterize the gene transcription profiles of the tomato cyclin genes from 
different tissues including roots, stems, young leaves, flower, mature green fruit, breaker fruit and ripe 
fruit. Since it is hard to exhaustively describe the expression profiles of all tomato cyclin genes, only 
14 members belonging to 10 types of tomato cyclins genes were selected to be checked. 
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Figure 7. Expression patterns of tomato cyclin genes in different tissues or organs. 
Rt, root; St, stem; YL, young leaf; FL, flower; MG, mature green fruit; BR, breaker fruit; 
RR, ripe fruit. Error bars represent standard deviations for three replicates. 
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Previous studies have suggested that A-, B- and D-type cyclins were predominantly expressed in 
mitotically active organs: developing fruits, young leaves and roots [25]. As shown in Figure 7, the 
examined tomato A- and B-type cyclins genes were mainly expressed in young leaves and stems. Most 
examined D-type cyclins appeared to be constitutively expressed in all examined tissues. But during 
fruit development and ripening, most of the D-type cyclins show lower expression levels. SlcycDl;l, 
SlcycD2;l, SlcycD3;l, and SlcycD4;l showed the lowest transcriptional levels at breaker stage, and the 
transcripts of SlcycD3;l could not even be detected at this stage. Surprisingly, SlCycD7;l showed a 
higher expression pattern in fruit at breaker and red ripe stages, indicating that different tomato D-type 
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cyclins might function in different ways to regulate tomato fruit growth and development, and the major 
function of SlCycD7;l might be related to tomato fruit ripening. Our results also showed that, the 
examined tomato H- and L-type cyclin genes are likely expressed in all checked tissues, with a relatively 
higher level in flowers and young leaves. SICycUl ;1 and SlCycU4;l showed a higher expression level 
both in young leaves and flowers, whereas SlCycU2;l only showed higher expression level in young 
leaves. Like most of tested tomato A-, B-, and D-types cyclin genes, all examined tomato L- and U-type 
cyclin genes also showed lowest expression levels during fruit ripening. Our results also showed that a 
few tomato cyclin genes exhibit tissue-specific expression. For example, SICycBl ;1 is expressed only in 
vegetative organs. The tissue-specific expression profiling of tomato cyclins might enable the 
combinatorial usage of the genes in transcriptional regulation of different tissues, whereas ubiquitously 
expressed tomato cyclins might regulate the transcription of a broad set of genes. 

2. 6. Expression of Tomato Cyclin Genes in Response to Exogenous GA 

Phytohormones are the major regulators of plant growth and development [26] and GAs are a class of 
phytohormones which can exert much influence on plant developmental processes, including stem 
elongation, leaf expansion, seed germination, flowering, sex expression, and leaf and fruit senescence [27]. 
GAs were sufficient to regulate the expression of cell cycle genes cycAl;l and cdc20s-3 in deepwater 
rice [22]. To determine which cyclin genes could respond to GA, we analyzed the expression patterns of 
a few cyclin genes followed with exogenous GA treatment. The results indicated that the expression of 
SlCycA3;l, SICycBl;!, SlCycCl;!, SlCycD2;l, SlCycD4;l, SlCycHl;!, SICycLl;!, SICycUl;! and 
SlCycU3;l were GA induced, whereas the expression of SlCycD7;l and J 18 were GA suppressed. 
No obvious modification of the expression of SICycAl;!, SlCycA2;4, SlCycD3;l and SlCycD6;l 
were observed after GA treatment, which indicated that these genes may not be directly regulated 
by GA (Figure 8). 

3. Discussion 

3.1. Cyclin Gene Family and Their Structures 

Previous research has indicated that each cyclin plays a distinct role in cell cycle progression and cell 
division [11,13,14,19]. Cyclins can be divided into several classes according to their sequence 
similarity, expression patterns and protein activity during the cell cycle [28-32]. The numbers of cyclins 
in plant genomes are variable; it has been reported that the rice genome contains 49 cyclins and they can 
be classified into 9 types, including A-D-, F-, H-, L-, P-, and T-type [4]. Maize genome contains 
59 cyclins, which can only be classified into 6 types, including A-D-, F-, T-, and SDS-type [33]. 
45 cyclins in the poplar genome were identified and can be classified into 7 types, including A-D-, Q-, 
T-, and Z-types [7]. The Arabidopsis genome contains 50 cyclins, which can be classified into 10 types, 
including A-D-, H-, L-, P-, T-, J18-, and SDS-type [3]. In our research, 52 cyclin genes in tomato 
genome were identified; as in Arbidopsis, these cyclins can be classified into 10 types. 



Int. J. Mol. Sci. 2014, 15 



Figure 8. Expression profiles of the tomato cyclin genes after exogenous GA treatment. 
The relative transcript levels of these genes were analyzed over a 24 h period after 100 \iM 
GA treatment. 
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Since all of these reported plant genomes contain A-, D- and T-type cyclin genes, it may implied that 
these three types of cyclins are more conserved throughout the plant species. Arabidopsis and tomato 
shared the same 10 types of cyclins, and the number of cyclins in these two genomes is similar. This 
illustrates that the cyclin gene family in these two genomes is relatively conserved. Furthermore, a closer 
genetic relationship between Arabidopsis and tomato than any other reported plants was also confirmed. 

Protein sequence alignment and structure analysis shows considerable conservation and specific 
motifs in tomato cyclins (Figures 2 and 4). Similar to other cyclin families in plant species, almost all 
tomato cyclins contain a cyclin N domain except U-type cyclins, and C-, H- and J18-type cyclins only 
contain a cyclin N domain. This means that the N domain is more conserved than the C domain, and this 
was further confirmed through chromosome distribution analysis and cyclin motifs character analysis. 

3.2. Duplication of Tomato Cyclin Genes 

Gene duplications are one of the primary driving forces in the evolution of genomes and genetic 
systems [34]. The dramatic variations of most gene families in family size and distribution are affected 
by tandem duplications and segmental duplications [24]. Studies of Arabidopsis reveals that its genome 
contains a lot of large segmental duplications that originated from continuous polyploidy events and has 
been subjected to scrambling by chromosomal rearrangements [35-38]. In tomato, most of the 
duplications were concentrated on chromosome 2 and 4. It seems that duplication and subsequent 
expansion of cyclin genes occur frequently throughout evolution. These results shed light on the 
evolution process of the tomato genome. These results also indicate the presence of similar or 
overlapping functions among all segmentally duplicated cyclin genes, although their remarkable 
differences in amino acid sequences were observed. In this research, we also find that the expression 
pattern of tandem duplicated genes is highly similar. 

3.3. Organ-Preferential and GA Responsive Expression Profiles of Tomato Cyclin Genes 

Cyclin genes that show similar expression profiles during various developmental stages may have 
similar functions. According to the expression profile of tomato cyclins examined in this study, we can 
divide them into 3 different classes. The first class includes most of tomato cyclins, which are highly 
expressed in young leaves. The second class cyclin genes are mainly expressed in flowers. The third 
class cyclin genes transcripts can be detected in fruit at the breaker stage. It is interesting that most 
closely related cyclin genes show similar patterns of expression, such as SICycAl;!, SlCycA3;l and 
SlCycA3;2; SICycUl;! and SlCycU4;l, suggesting possible functional redundancy and conservation 
among these similar members. 

Surprisingly, some cyclin genes of tomato and Arabidopsis within the same clade in phylogenic 
analysis showed different expression patterns. For example, AtCycD7;l was not detected in any of the 
Arabidopsis tissues or organs, whereas SlCycD7;l was detected in all of the tomato tissues examined, 
and showed a relative higher expression level in breaker fruit. AtCycU4 was especially expressed in 
root, while SlCycU4 showed a higher expression level in flower. These results suggest that 
homologous cyclin genes of different plants may have same function in the cell cycle, whereas the 
roles they played in different plants might be different. Understanding expression patterns in different 
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tissues is the first step to clarify the function of cyclin genes. Therefore, cyclin genes with specific 
expression patterns could be the focus of functional studies in the future. 

Cell expansion and cell division were also regulated by several plant hormones. It has been reported 
that GAs play important roles in regulating the transcription of several cell cycle genes [21,39,40]. 
In this research, we investigated the expression profiles of several cyclin genes following the treatment 
of exogenous GA. The transcripts of most tested tomato cyclins genes were elevated after GA treatment, 
differently, the transcription of SlCycD7;l and J 18 were obviously reduced, and only a few cyclin genes 
were not obviously affected (Figure 8). Previous studies have shown that GA can promote plant growth 
through cell expansion by stimulating the destruction of growth-repressing DELLA proteins, which 
can restrain cell cycle activity through enhancing the accumulation of cell cycle inhibitors. 
In this paper, we showed that GA can regulate the cell cycle through its influence on some cyclin 
genes' transcription. It might be very interesting to uncover the regulatory mechanism underlying 
these processes. 

4. Materials and Methods 

4.1. Plant Materials 

Tomato (Solanum lycopersicum L. cv Ailsa Craig) plants were grown in a glasshouse with the a 
16 h light/8 h dark cycle. Samples of roots, stems, leaves, flowers and fruits were collected in adult 
plants, immediately frozen in liquid nitrogen and stored at -80 °C until use. In order to investigate the 
responses of the tomato cyclin genes to GA, six- week-old seedlings were sprayed with 100 uM GA, and 
the control plants were sprayed with water. Then the shoot samples (including leaves and stem) were 
harvested at 0, 0.5, 1, 2, 4, 8, 12 and 24 h later. Samples of control plants, which were sprayed with 
water, were also collected as the GA treatment plants. These samples were also immediately frozen in 
liquid nitrogen and stored at -80 °C. For all experiments, three biological samples were collected for 
further analysis. 

4.2. Identification of Putative Tomato Cyclin Genes 

The full length cDNA sequences of SICycAl;!, SlCycA2;l, SlCycA3;l, SICycBl;!, SlCycB2;l, 
SlCycD3;l, SlCycD3;2 and SlCycD3;3 were obtained from NCBI as reported previously [18,29]. 
To obtain more cyclin gene sequences in tomato, the cDNA sequences of the above genes were 
subjected to BLASTN searches in the SOL Genomics Network (SGN) [41], NCBI [42] and DFCI [43] 
databases. Almost all of the Arabidopsis cyclins genes were reported previously, the sequences of 
these genes were extracted from NCBI database, and then they were used to do TBLASTN searches in 
the SGN database with the E-value cutoff set as le-10. To get more information on tomato cyclin 
genes, name search, using cyclin as a keyword in these databases was also conducted. All the protein 
sequences were analyzed in the Pfam HMM database [44] to find cyclin-N and cyclin-C domains. 
Overlapping genes were removed using a complete sequence alignment method in MEGA 5.0 [45] 
to obtain the final set of non-overlapping cyclin genes in tomato. 
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4.3. Phylogenetic Analysis of Tomato Cyclins 

Sequence alignment of multiple cyclins was performed using MEGA 5.0 [45], and an unrooted 
phylogenetic tree was constructed using the neighbor-joining (N-J) method with the pairwise deletion 
option selected and the passion correction set for the distance model. Phylogenetic relationships were 
analyzed by conserved structural alignments. Bootstrap analysis was performed using 1000 replicates. 

4.4. Structure Analysis of Cyclins in Tomato 

The cDNA sequences and their corresponding genomic DNA sequences of tomato cyclins were 
obtained from SGN database, then they were analyzed using the GSDS (Gene Structure Display Server) 
software [46]. To identify conserved cyclin motifs, the protein sequences of tomato cyclins were merged 
using the GENESTUDIO software that we download from the website (http://www.genestudio.com/), 
and then the protein sequences were analyzed using the MEME program [47]. The MEME program was 
employed using the following parameters: number of repetitions-zero or one, maximum number of 
motifs-20, optimum motif width set to >6 and <50. 

4.5. Chromosomal Localization and Gene Duplication Analysis of Tomato Cyclins 

The chromosomal distribution of putative tomato cyclins were identified by identifying their 
chromosomal position given in the SGN database. 

To find potential duplicated tomato cyclin genes, MCScanX software (http://chibba.pgml. 
uga.edu/mcscan2/) [48] was used. All tomato cyclin genes were compared against themselves and others 
using BLASTp program, with criterion of tabular format (-m 8) -b 5 -v 5 and e-value of le-5. The 
resulting blast hits were incorporated along with chromosome coordinates of all protein-coding genes as 
an input for MCScanX under default criterion. The result was analyzed using Perl script. 

4.6. RT-PCR and Real-Time qRT-PCR 

In order to study the expression patterns of the cyclins in various tissues, total RNAs were isolated 
from roots, stems, leaves and fruits at the stage of mature green (MG), breaker (BR) and red ripe (RR) 
using TriZol reagent (Invitrogen, Gaithersburg, MD, USA), according to the manufacturer's instruction. 
The total RNA samples were treated with RNase-free DNase I to remove residual genomic DNA. About 
3 jag of the DNase I treated total RNA was used for first-strand cDNA synthesis with M-MLV reverse 
transcriptase and Oligo (dT) 2 5; the product was diluted to a final volume of 200 |xL. The primers used for 
the real-time PCR were designed by primer premier 5.0. Real-time PCR was performed with 
LightCycler 480 instrument. Each reaction contained 5 jxL SYBR Premix, 3 jxL cDNA samples, and 
0.5 |xL of 10 jaM gene specific primers in a final volume of 10 jxL. The thermal cycle was as follows: 
95 °C for 5 min, 40 cycles of 95 °C for 10 s, 58 °C for 15 s and 72 °C for 20 s. Three technical 
replicates were performed for each sample. Tomato actin gene (GenBank ID: BT012695) was used as 
an internal control. All the primers used were listed in Table 3. 
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Table 3. List of primers used for Real-time qRT-PCR. 



Gene 


Forward primer sequence 


Reverse primer sequence 


SICycAl;! 


A rn y - "* A s~-\ A A s~-\ s~1 A S~\ A A rn A A S~\ s~-\ x - ^ 

ATGACAACCCAGAATAAGCG 


A y"~ *i y"~ *i y~^i A y~^ rnrn x - ^ x - ^ x^ a x - ^ x - ^ a y~^ A y~^l 

ACCGAGTTCCGAGCAGAG 


SlCycA2;4 


TTGGGTTCATCAGGAGGACT 


/>mrn x - ^ y—4 mrn A y - "* x^ y—A m y~^ rnrn x - ^ A A 

CTTCGCTTAGGCTGTTGAGA 


SlCycA3;l 


S~-\ m A A y"1 A A A A f 1 A f 1 S~~i A y"1 S~*\ A y"1 A A y"1 S~*\ A 

CTAAGAAAAGAGCAGCAGAAGCA 


A i ■ v ■ i x~~"l x - ^ mrn A rn rnrn rnrnrn x - ^ A y* - ^ x - ~l A A y"~ *i A y^ 

GATTCCTTATCTTTTTCAGCAACAG 


SlCycA3;2 


/~\ S~\ rp y^"1 y^"1 A S~-* A y~* y~* A A S~-* A A A A 

GCTCCACAGGAACAACGAA 


CCACAACCCTTTTCACCTTC 


SlCycA3;4 


A A y~A y~A A S~*\ S~\ A A m X - ^ AAA X - ^ y~^< 

AACCCACGAATCCAAACG 


x - ^ x - ^ A A x - ^ x^ a y~^ rn y^ A A y~^ A rn y^S /-im x^ * 

CCAAGGAGTGAAGATGCTGA 


SlCycBl;l 


m A m S~*\ : 1 i X - ^ x - ^ x - ^ x - ^ x - ^ x - ^ x - ^ 1 1 i A A y — 1 A A 

GTATCTCGCCCCGTAACAAG 


TCTCCTCAGGTTTTGGCTTT 


SlCycCl;l 


A A S~\ ' l ' 1 i ' x - ^ ' ■ i x - ^ * * x - ^ x - ^ m AAA x - ^ m A mm A 

AAGTTCTGGAAGCCCTAAACTATTA 


A A i ■ v ■ i A y~^ m x - ^ x - ^ A rn s~ ^rnrn A rn A y~^ y^ rn y^ rn x - ^ A 

GAATTAGGTCCATCTTATAGGTGTCA 


SICycDl;! 


f~~*r-w-i/~i f-~ir-w-i a /~imm/~imm/nmm/n AAA r -1 x - ^ x - ^ a 

CTGCTACTTCTTCTTCAAATCCA 


A y~l AAA y^~i A ^Ti/^/~1/^ A /~(rn A A 

CGGAGAAACAGTCGGAGTAA 


SlCycD2;l 


x - ^ m s~\ A m y -- * x - ^ /-^m/~l A y~^ x - ^ x^ y--< mm x^ 

GTGATGGCTCAGGGGTTG 


mrn A rn y~^ rn y^S rnrnrn y^ rn y~^ y^ y^ y^ rn y~^ x - ^ 

GTTATGTGTTTGTGGGGTGC 


SlCycD3;l 


CTGCCAAAGCCTCAAGCG 


y^~i A y~* T"> y~l y~* A /~l/~1rn a /Tr/~trn/-i A rnrnn/^/^ 

CAGTGGAGCTAGTGTCATTCGC 


SlCycD4;l 


y - "* x - ^ A rn S~\ S~~\ s~-\ a A rn S~\ m/^lrn x^ mrnrn x~~"l 

GCAGTGGCAATGTCTGTTTC 


x - ^ y~A a rnrn y~^ y^ a y^ rnrnrn y^ A y^ y^S x - ^ 

CCATTGGGAGTTTGAGGC 


SlCycD6;l 


X 1 A rn y 1 x - ^ A X 1 A X - ^ X - ^ A X - ^ ^ A rn y 1 A X - ^ x - ^ A 

GATGGAGACGACGATGACGA 


rn y -- * A rnrn y^s s~ ^ y^s A A rn y^s y^s A A y^s A y^s rn y^ A 

TGATTGCGAATGGAAGAGTGA 


SlCycD7;l 


A A rn f — ^ ^ * x - ^ A x - ^ rnrnrn S~\ /^irnrnrn x^ rn y~^ A rn 

AGATGGAGAGTTTGCTTTGTGAT 


A A A A m /^rnm A A A A y* - ^ y~*i /^im/^ rnrn x~~"l A x - ^ A A rn 

AAAATCTTAAAAGCCTCTTCACAAT 


SlCycHl;l 


ACCTGGGCAGTTGGCATT 


yr-i /— ^ rnjr-, rnrnrn /~\ /~\ A A /~\ rn s~i /— 1 y— 1 A /~*rn/^i 

CGTCTTTGGAAGTCGGAGTC 


SICycLl;! 


CGTAGATTTCAAGTGCCCCTC 


TATTTTTGCTTTTGGAAGACTGTAA 


SICycUl;! 


CGGACGATGTAGCCACCC 


CCTGCCCCGTTGCTCAT 


SlCycU3;l 


ATTGTCTTCTTGCCCCTTTT 


TCAGGTTCAGGTGCCAAAG 


SlCycU4;l 


TCAAAATCTGATGCCGAAAC 


CGAAACAACAAGGGCTACAA 


J 18 


GATCGAGAATGAAGAAGGAGGT 


GATAGAATCGGTTGGCAAAAGT 


Actin 


GTCCTCTTCCAGCCATCCAT 


ACCACTGAGCACAATGTTACCG 



5. Conclusions 

In conclusion, we have presented an expression profile of 52 tomato cyclin genes along with an 
account of their phylogenetic relationships with Arabidopsis cyclin genes. The result indicates that 
groups of genes that show similar expression profiles during various developmental stages may or may 
not have similar functions. Protein sequence alignment and structure analysis show considerable 
conservation and specific motifs in tomato cyclins. Duplication and subsequent expansion have 
occurred frequently through the evolution of the tomato genome. The transcription of some cyclins can 
be induced by GA, suggesting that they may play a potential role in GA response. Therefore, these data 
would be useful in selecting candidate genes for functional validation in relation to various aspects of 
tomato vegetative growth and reproductive development. 

Acknowledgments 

This work was supported by grants of the National Science Foundation of China 
(Nos. 31071803, 31230064 and 31272182); the Fundamental Research Funds for the Central 
Universities (Program No.201 3 YB 10); and the 973 Project (201 1CB 100600). 

Conflicts of Interest 

The authors declare no conflict of interest. 



Int. J. Mol. Sci. 2014, 15 



138 



References 

1. Stals, H.; Inze, D. When plant cells decide to divide. Trends Plant Sci. 2001, 6, 359-364. 

2. Rossi, V.; Varotto, S. Insights into the Gl/S transition in plants. Planta 2002, 215, 345-356. 

3. Wang, G.; Kong, H.; Sun, Y.; Zhang, X.; Zhang, W; Altman, N.; DePamphilis, C.W; Ma, H. 
Genome -wide analysis of the cyclin family in Arabidopsis and comparative phylogenetic analysis 
of plant cyclin-like proteins. Plant Physiol. 2004, 135, 1084-1099. 

4. La, H.; Li, J.; Ji, Z.; Cheng, Y.; Li, X.; Jiang, S.; Venkatesh, P.N.; Ramachandran, S. 
Genome-wide analysis of cyclin family in rice {Oryza Sativa L.). Mol. Genet. Genomics 2006, 
275, 374-386. 

5. Booher, R.N.; Alfa, C.E.; Hyams, J.S.; Beach, D.H. The fission yeast cdc2/cdcl3/sucl protein 
kinase: regulation of catalytic activity and nuclear localization. Cell 1989, 58, 485-497. 

6. Hata, S.; Kouchi, H.; Suzuka, I.; Ishii, T. Isolation and characterization of cDNA clones for plant 
cyclins. EMBOJ. 1991, 10, 2681-2688. 

7. Dong, Q.; Zhao, Y; Jiang, H.Y; He, H.S.; Zhu, S.W; Cheng, B.J.; Xiang, Y. Genome-wide 
identification and characterization of the cyclin gene family in Populus trichocarpa. Plant Cell 
Tiss. Org. 2011, 107, 55-67. 

8. Jesty, J.H.F.; Francis, D. Cellular-responses of leaf explants of Cocos nucifera L. in vitro. 
Plant Cell Tiss. Org. Cult. 1992, 28, 235-244. 

9. Nugent, J.H.; Alfa, C.E.; Young, T.; Hyams, J.S. Conserved structural motifs in cyclins identified 
by sequence analysis. J. Cell Sci. 1991, 99, 669-61 A. 

10. Home, M.C.; Goolsby, G.L.; Donaldson, K.L.; Tran, D.; Neubauer, M.; Wahl, A.F. Cyclin Gl and 
cyclin G2 comprise a new family of cyclins with contrasting tissue-specific and cell 
cycle-regulated expression. J. Biol. Chem. 1996, 271, 6050-6061. 

11. Lehner, C.F; O'Farrell, PH. The roles of Drosophila cyclins A and B in mitotic control. Cell 1990, 
61, 535-547. 

12. Obaya, A.J.; Sedivy, J.M. Regulation of cyclin-Cdk activity in mammalian cells. Cell. Mol. 
Life Sci. 2002, 59, 126-142. 

13. Pagano, M.; Pepperkok, R; Verde, F; Ansorge, W; Draetta, G. Cyclin A is required at two points 
in the human cell cycle. EMBOJ. 1992, 11, 961-971. 

14. Yang, C; Li, H.; Zhang, J.; Luo, Z.; Gong, P.; Zhang, C; Li, J.; Wang, T; Zhang, Y; Lu, Y; 
Ye, Z. A regulatory gene induces trichome formation and embryo lethality in tomato. 
Proc. Natl. Acad. Sci. USA 2011, 108, 11836-11841. 

15. Gutierrez, C; Ramirez-Parra, E.; Castellano, M.M.; del Pozo, J.C. G(l) to S transition: more than 
a cell cycle engine switch. Curr. Opin. Plant Biol. 2002, 5, 480-486. 

16. Shen, WH. The plant E2F-Rb pathway and epigenetic control. Trends Plant Sci. 2002, 7, 505-5 1 1 . 

17. Trimarchi, J.M.; Lees, JA. Sibling rivalry in the E2F family. Nat. Rev. Mol. Cell Biol. 2002, 3, 
11-20. 

18. Kvamheden, A.; Yao, J.L.; Zhan, X.; O'Brien, I.; Morris, BA. Isolation of three distinct 
CycD3 genes expressed during fruit development in tomato. J. Exp. Bot. 2000, 51, 1789-1797. 



Int. J. Mol. Sci. 2014, 15 



139 



19. Huysman, M.J.; Fortunato, A.E.; Matthijs, M.; Costa, B.S.; Vanderhaeghen, R.; van den Daele, FL; 
Sachse, M.; Inze, D.; Bowler, C; Kroth, P.G.; et al. AUREOCHROME la-mediated induction 
of the diatom-specific cyclin dsCYC2 controls the onset of cell division in diatoms 
(Phaeodactylum tricornutum). Plant Cell 2013, 25, 215-228. 

20. Achard, R; Gusti, A.; Cheminant, S.; Alioua, M.; Dhondt, S.; Coppens, E; Beemster, G.T.; 
Genschik, R Gibberellin signaling controls cell proliferation rate in Arabidopsis. Curr. Biol. 2009, 
19, 1188-1193. 

21. Sauter, M.; Mekhedov, S.L.; Kende, H. Gibberellin promotes histone HI kinase activity and the 
expression of cdc2 and cyclin genes during the induction of rapid growth in deepwater rice 
internodes. Plant J. 1995, 7, 623-632. 

22. Fabian, T.; Lorbiecke, R.; Umeda, M.; Sauter, M. The cell cycle genes cycAl;l and cdc20s-3 are 
coordinately regulated by gibberellin in planta. Planta 2000, 211, 376-383. 

23. Tomato Genome, C. The tomato genome sequence provides insights into fleshy fruit evolution. 
Nature 2012, 485, 635-641. 

24. Cannon, S.B.; Mitra, A.; Baumgarten, A.; Young, N.D.; May, G. The roles of segmental and 
tandem gene duplication in the evolution of large gene families in Arabidopsis thaliana. 
BMC Plant biol. 2004, 4, 10. 

25. Joubes, J.; Walsh, D.; Raymond, R; Chevalier, C. Molecular characterization of the expression of 
distinct classes of cyclins during the early development of tomato fruit. Planta 2000, 211, 430^39. 

26. Santner, A.; Estelle, M. Recent advances and emerging trends in plant hormone signalling. Nature 
2009, 459, 1071-1078. 

27. Yamaguchi, S. Gibberellin metabolism and its regulation. Annu. Rev. Plant Biol. 2008, 59, 
225-251. 

28. Nakamura, T; Sanokawa, R.; Sasaki, YF; Ayusawa, D.; Oishi, M.; Mori, N. Cyclin-I — A new 
cyclin encoded by a gene isolated from human brain. Exp. Cell Res. 1995, 221, 534-542. 

29. Pines, J. Cyclins and Cyclin-dependent kinases — Theme and variations. Adv. Cancer Res. 1995, 
66, 181-212. 

30. Yamaguchi, S.; Okayama, H.; Nurse, R Fission yeast Fizzy-related protein srwlp is a 
G(l)-specific promoter of mitotic cyclin B degradation. EMBOJ. 2000, 19, 3968-3977. 

31. Barroco, R.M.; de Veylder, L.; Magyar, Z.; Engler, G.; Inze, D.; Mironov, V. Novel complexes of 
cyclin-dependent kinases and a cyclin-like protein from Arabidopsis thaliana with a function 
unrelated to cell division. Cell. Mol. Life Sci. 2003, 60, 401-412. 

32. Renaudin, J.R; Doonan, J.H.; Freeman, D.; Hashimoto, J.; Hirt, H.; Inze, D.; Jacobs, T; 
Kouchi, H.; Rouze, R; Sauter, M.; et al. Plant cyclins: Aunified nomenclature for plant A-, B- and 
D-type cyclins based on sequence organization. Plant Mol. Biol. 1996, 32, 1003-1018. 

33. Hu, X.; Cheng, X.; Jiang, H.; Zhu, S.; Cheng, B.; Xiang, Y. Genome -wide analysis of cyclins in 
maize (Zea mays). Genet. Mol. Res. 2010, 9, 1490-1503. 

34. Moore, R.C.; Purugganan, M.D. The early stages of duplicate gene evolution. Proc. Natl. Acad. 
Sci. USA 2003, 100, 15682-15687. 

35. Vision, T.J.; Brown, D.G.; Tanksley, S.D. The origins of genomic duplications in Arabidopsis. 
Science 2000, 290, 2114-2117. 



Int. J. Mol. Sci. 2014, 15 



140 



36. Blanc, G.; Barakat, A.; Guyot, R.; Cooke, R.; Delseny, M. Extensive duplication and reshuffling 
in the Arabidopsis genome. Plant Cell 2000, 12, 1093-1101. 

37. Ku, H.M.; Vision, T.; Liu, J.; Tanksley, S.D. Comparing sequenced segments of the tomato and 
Arabidopsis genomes: Large-scale duplication followed by selective gene loss creates a network 
of synteny. Proc. Natl. Acad. Sci. USA 2000, 97, 9121-9126. 

38. Grant, D.; Cregan, R; Shoemaker, R.C. Genome organization in dicots: genome duplication in 
Arabidopsis and synteny between soybean and Arabidopsis. Proc. Natl. Acad. Sci. USA 2000, 97, 
4168-4173. 

39. Achard, R; Genschik, R Releasing the brakes of plant growth: How GAs shutdown DELLA 
proteins. J. Exp. Bot. 2009, 60, 1085-1092. 

40. Gocal, G.F.W.; King, R.W. Early increased expression of a cyclin-dependant protein kinase 
(LtCDKAl;l) during inflorescence initiation of the long day grass Lolium temulentum. 
Fund. Plant Biol. 2013, 40, 986-995. 

41 . SOL Genomics Network. Available online: http://solgenomics.net (accessed on 9 March 2012). 

42. National Center for Biotechnology Information (NCBI). Available online: 
http://www.ncbi.nlm.nih.gov/ (accessed on 8 March 2012). 

43. DFCI. Available online: http://compbio.dfci.harvard.edu/tgi/plant.html (accessed on 8 March 2012). 

44. Punta, M.; Coggill, P.C.; Eberhardt, R.Y.; Mistry, J.; Tate, J.; Boursnell, C; Pang, N.; Forslund, K.; 
Ceric, G.; Clements, J.; et al. The Pfam protein families database. Nucleic Acids Res. 2012, 40, 
D290-D301. 

45. Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; Nei, M.; Kumar, S. MEGA5: Molecular 
evolutionary genetics analysis using maximum likelihood, evolutionary distance, and maximum 
parsimony methods. Mol. Biol. Evol. 2011, 28, 2731-2739. 

46. Guo, A.Y.; Zhu, Q.H.; Chen, X.; Luo, J.C. GSDS: A gene structure display server. Yi Chuan 2007, 
29, 1023-1026. 

47. MEME (Multiple Em for Motif Elicitation). Available online: http://meme.nbcr.net/meme/cgi-bin/ 
meme.cgi (accessed on 6 August 2013). 

48. Wang, Y.; Tang, H.; Debarry, J.D.; Tan, X.; Li, J.; Wang, X.; Lee, T.H.; Jin, H.; Marler, B.; 
Guo, H.; et al. MCScanX: A toolkit for detection and evolutionary analysis of gene synteny and 
collinearity. Nucleic Acids Res. 2012, 40, e49. 



© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



